We present a spectroscopic investigation of the Be+sdO binary system HR 2142 that is based upon large sets of ultraviolet observations from the International Ultraviolet Explorer and ground-based Hα observations. We measured radial velocities for the Be star component from these spectra, and computed a revised orbit. In order to search for the spectral signature of the hot subdwarf, we cross-correlated the short wavelength end of each IUE spectrum with a model hot star spectrum, and then we used the predicted Doppler shifts of the subdwarf to shift-and-add all the cross-correlation functions to the frame of the subdwarf. This merged function shows the weak signal from the spectral lines of the hot 1 Guest Observer with the International Ultraviolet Explorer Satellite.
star, and a best fit is obtained with a mass ratio M 2 /M 1 = 0.07 ± 0.02, companion temperature T eff ≥ 43 ± 5 kK, projected rotational velocity V sin i < 30 km s −1 , and a monochromatic flux ratio near 1170Å of f 2 /f 1 > 0.009 ± 0.001. This hot subdwarf creates a one-armed spiral, tidal wake in the disk of the Be star, and we present a circumbinary disk model that can explain the occurrence of shell absorption lines by gas enhancements that occur where gas crossing the gap created by the subdwarf strikes the disk boundaries. The faint companion of HR 2142 may be representative of a significant fraction of Be stars with undetected former mass donor companion stars.
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Introduction
Close binary stars are progressively more common among stars of higher mass (Duchêne & Kraus 2013 ), so we expect that binary interactions will play a fundamental role in the evolution of a significant fraction of massive stars (de Mink et al. 2014) . Roche lobe overflow (RLOF) in close binaries with extreme mass ratios may lead to mergers or a common envelope stage, but in systems with comparable mass stars, RLOF can proceed in a stable manner in which the mass donor star eventually becomes stripped down to a much lower mass (Wellstein et al. 2001) . RLOF provides mass and angular momentum to the mass gainer star, so that products of binary interaction may appear as a population of rapidly rotating stars (de Mink et al. 2014) . Pols et al. (1991) first suggested that such mass gainers might be associated with the rapidly rotating Be stars, emission-line stars surrounded by out-flowing circumstellar disks (Rivinius et al. 2013 ). This idea is supported by the fact that most of the massive X-ray binaries consist of a Be star with an orbiting neutron star companion, the remnant of a massive donor star (Reig 2011) . However, mass donors below the Chandrasekhar limit will appear as hot subdwarfs or white dwarfs, and such systems with faint companions may account for a large fraction of Be stars (Shao & Li 2014) .
Detection of such faint, subdwarf companions to Be stars is difficult because of the huge flux contrast between the Be star and companion. The stripped down donor stars are expected to be much hotter than the Be stars, so detection is favored in the ultraviolet part of the spectrum where the flux ratio increases. In fact, the first direct spectroscopic detection of a hot subdwarf companion of the Be star φ Per was made by Thaller et al. (1995) through investigation of ultraviolet (UV) spectra made with the International Ultraviolet Explorer (IUE) satellite. The nature of the companion was revealed in subsequent UV spectroscopy from Hubble Space Telescope (Gies et al. 1998) , and recent interferometric observations with the CHARA Array have led to an astrometric orbit and masses for the φ Per system (Mourard et al. 2015) . Encouraged by the UV detection of the companion of φ Per, we subsequently launched an investigation of the UV spectra of Be binaries that were frequently observed by IUE, and our work led to the discovery of the hot subdwarf companions of FY CMa (Peters et al. 2008 ) and 59 Cyg (Peters et al. 2013) . The presence of a hot companion in φ Per was first suggested by emission line variations caused by heating of the Be star's disk gas by the hot companion (Poeckert 1981; Hummel &Štefl 2001) , and observations of similar emission line variations may indicate the presence of hot subdwarf companions to the Be stars o Pup (Koubský et al. 2012 ) and HD 161306 (Koubský et al. 2014 ).
Here we turn our attention to the Be binary HR 2142, another system with an excellent set of UV spectra in the IUE archive. The spectroscopic emission features of HR 2142 (HD 41335, V696 Mon; B1.5 IV-Vnne) were first noted by Campbell (1895) , and it has since attracted much attention among spectroscopists because of its strong Balmer emission lines that vary periodically in a predictable manner. Peters (1971) observed the development of strong absorption components in the Balmer lines, and their cyclic appearance led Peters (1972) to propose that these shell-type absorptions occur during a short part of the orbit in a binary system. Subsequent optical spectroscopy by Peters (1983) confirmed the binary nature of HR 2142 through measurement of the radial velocity variations associated with the orbital period of P = 80.86 days. Early observations with IUE demonstrated that many transitions in the UV also displayed the shell line variations found in the Balmer lines (Peters 2001) . Waters et al. (1991) examined the spectral energy distribution of HR 2142 in the infrared and showed that the companion cannot be a cool giant (as found in Algol binaries). Instead, they proposed that the companion is a hot subdwarf or "helium star", the stripped down remains of the donor star in this interacting binary. Thus, HR 2142 is a prime candidate for detection of a hot companion through a search for its flux contribution in the UV. This paper presents the results of our analysis of the collection of the IUE spectra of HR 2142. Section 2 describes the UV spectra and a large sample of complementary Hα spectroscopy. We present radial velocities of the bright Be star component measured from these spectra, and we calculate an updated radial velocity curve from these data. Section 3 describes our cross-correlation analysis of the far-UV part of the spectrum that provides the first positive evidence of the existence of a hot subdwarf companion. In Section 4, we document the appearance of the shell line variations in the UV and Hα, and we argue in Section 5 that these shell episodes result from tidal wakes in the disk of the Be star that are caused by the gravitational force of the companion. Our results are summarized in Section 6.
Preliminary results of this study appeared earlier in several conference proceedings (Peters 2001; Peters & Gies 2002; Peters et al. 2015) .
Radial Velocities and Orbital Solution
The first step in this investigation was to revisit the orbital radial velocity curve of the Be star in order to establish a contemporary ephemeris and to verify the orbital semiamplitude. Radial velocity measurements were made using the set of spectra summarized in Table 1 , which lists the source, number of spectra N, spectral resolving power and range, dates of observation, and primary observer. The main focus of this work is a set of 88 high resolution, SWP HIRES FUV spectra acquired over the lifetime of the IUE observatory. These were downloaded from MAST 3 and resampled on a uniform grid of heliocentric wavelength in log λ and rectified to a unit pseudo-continuum. We also collected a set of 49 LWR and LWP near-UV spectra that were used to inspect the orbital variations in the Mg II λλ2796, 2803 feature. The UV spectra were supplemented with a large collection of Hα spectra that we secured with the KPNO Coude Feed telescope and that were obtained by amateur astronomers participating in the Be Star Spectra database project (Pollmann 2007; Neiner et al. 2011 ).
Measurement of the radial velocity for individual line transitions is very difficult in the UV because the line spectrum is dense and strongly blended due to the large projected rotational broadening of the Be star's spectrum (V sin i = 358 km s −1 ; Frémat et al. 2005 ). Instead, we followed our well-honed method of determining the radial velocity through crosscorrelation with a spectral template (Peters et al. 2013) . We used the average spectrum as 3 https://archive.stsci.edu/iue/ the template to form the cross-correlation function (CCF) in order to derive relative radial velocity shifts. The calculation omitted wavelength regions at the extreme wavelength ends, regions with broad wind lines, and sections with deep, narrow lines (formed in the interstellar medium and/or circumbinary disk). The derived CCFs were very broad as expected for the photospheric spectrum of the Be star, but still displayed a narrow peak at the core due to correlations among some remaining sharp lines. Consequently, we measured a bisector velocity of the wings of the CCF using a convolution with oppositely-signed Gaussian functions to sample the wing distribution (Shafter et al. 1986 ).
The Hα emission line is strong and formed over a large volume of the Be star disk. However, we can safely assume that the extreme wings of the emission line are formed in the part of the disk closest to the Be star, so that radial velocity variations of the wings reflect the motion of the Be star itself. Once again we determined a bisector velocity for the Hα emission line wings using a convolution with oppositely-signed Gaussian functions. These Hα emission line velocities are listed in Table 2 (given in full as a Machine Readable Table in the electronic version) that lists heliocentric Julian date of mid-exposure, the corresponding orbital phase (see below), the radial velocity, its uncertainty, the observed minus calculated velocity residual from the orbital solution, and a spectrum source code (associated with Table 1 ). b This discrepant datum was assigned zero-weight in orbital solution.
In order to combine the IUE and Hα measurements in a single orbital solution, we need to transform the relative IUE measurements to the frame of the Hα measurements. We did this by making preliminary orbital solutions to both sets, and then we applied the difference in the derived systemic velocity ∆γ = +28.68 km s −1 to the IUE relative velocities, and these corrected velocities appear in Table 2 . Likewise, we also wanted to include the original set of measurements of blue range spectroscopy from Peters (1983) in the final solution, so we again determined a systemic velocity difference ∆γ = +24.16 km s −1 to place these measurements in the Hα frame. These adjusted measurements from Peters (1983) are also included in Table 2 for the convenience of the reader. Neither shift should be interpreted in physical terms, but they are required to bring different kinds on measurements onto the same reference frame.
We made an equally weighted fit of the radial velocities using the non-linear, leastsquares method described by Morbey & Brosterhus (1974) to determine the spectroscopic orbital elements that are given in Table 3 . We adopted a circular orbital solution because elliptical solutions made no significant improvement in the residuals from the fit. The elements are compared in Table 3 to those derived by Peters (1983) , and the agreement is reasonable. The new period is somewhat larger (2.8σ different), and the uncertainty in the period is larger than given by Peters (1983) . The new estimate of semiamplitude K 1 is slightly lower than found by Peters (1983) (2.2σ different). The radial velocities and orbital solution are shown in Figure 1 , and we see that there is good agreement between the UV (larger scatter) and Hα results. We will use the new orbital elements throughout this paper with the epoch of phase zero, T sc , defined as the time of superior conjunction of the Be star (as adopted by Peters 1983) . 
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Detection of the FUV Flux of the Companion
We realized at the outset that the companion orbiting the Be star is probably too faint for direct detection of its lines in individual UV spectra because of the low S/N (≈ 10) of the IUE spectra. Consequently, we adopted a search method based on cross-correlation techniques that was optimized for detection of a hot companion. First we selected a spectrum template from the non-LTE TLUSTY/SYNSPEC atmosphere models 4 of Lanz & Hubeny (2003) for T eff ≈ 45 kK, log g = 4.75 (the largest gravity value in the grid, but probably lower than actual), solar abundances, and no rotational broadening. Next, we restricted the wavelength range for the CCF to the far-UV, 1150 -1189Å (omitting the broad C III λ1176 feature of the Be star's spectrum), in order to focus on the part of the spectrum where the hot companion has a relatively larger flux contribution. Once the CCFs were calculated, we subtracted the mean CCF from each to remove any signal from correlation between the Be star's spectral features and those in the model template and to search for a component with the expected Doppler shifts of the companion.
Visual inspection of the individual difference CCFs did not immediately reveal any obvious signal from a hot companion. Thus, in the final step we shifted each of the difference CCFs to the expected Doppler reference frame of the companion, and then formed the mean of all the difference CCFs to seek the signal of the companion. We need to adopt a value of the mass ratio q = M 2 /M 1 in order to estimate the Doppler shifts of the secondary star in each observation from the orbital radial velocity curve of the Be star (Table 3) . We assumed a Be star mass of 10.5M ⊙ (appropriate for its spectral classification; Peters 2001) and then used the observed spectroscopic mass function f (m) = (M 2 sin i) (Table 3) to determine the mass ratio q for a range in assumed orbital inclination i. The result ranges from q = 0.077 for i = 65
• to q = 0.070 for i = 85
• , and we adopted the latter value based upon large inclination needed to account for the appearance of the shell features (see Section 4).
We show in Figure 2 the resulting CCF after shifting and averaging all 88 individual difference CCFs formed using the hot model spectrum as a template. We find that there is indeed a peak near the expected rest frame zero velocity that corresponds to correlation with the weak spectral features of the companion. The peak reaches a maximum that is 4σ above the background, so we suggest that this approach offers us the first tentative detection of the spectrum of the hot companion. -The lower plot shows the mean CCF of the FUV spectra (1150-1189Å) with a hot model spectrum after subtraction of the overall mean CCF and shifting each to the adopted reference frame of the faint secondary. A Gaussian fit of the weak central peak is shown as a dotted line. The middle and upper plots show the same for subsamples from orbital phases φ = 0.00 − 0.75 and 0.75 − 1.00 offset by +0.02 and +0.04, respectively, with the number of spectra N noted in the label. The much weaker signal in the phase range φ = 0.00 − 0.75 suggests phase-variable obscuration of the secondary spectrum.
0.0112 ± 0.0012, a central position of V r = 12 ± 5 km s −1 , and a Gaussian dispersion of σ = 35 ± 5 km s −1 . We think the small velocity offset is insignificant (probably resulting from model mis-match and uncertainties in the physical value of the systemic velocity), and the dispersion σ is that expected from cross-correlations of model spectra with no rotational broadening. Thus, if we accept the detection as reliable, then the projected rotational velocity of the companion must be small, V sin i < 30 km s −1 .
We experimented with using a range in assumed model T eff and mass ratio q = M 2 /M 1 to find values that maximized the peak height of the CCF signal. We took the uncertainty associated with the Gaussian fit of the peak height to find the range over which the resulting peak height exceeded p(max) − 1σ = 0.010. The optimal results are T eff = 43 ± 5 kK and q = 0.072 ± 0.021. The derived mass ratio q agrees with our estimate from the mass function (based upon f (m), M 1 , i). We caution that the T eff estimate is probably a lower limit, because the model template was based on a smaller than actual log g and the ionization balance reflected in the relative line strengths will lead to higher temperature at higher gravity.
Figure 2 also shows the results of restricting the sample according to orbital phase. We found that the peak is weak or absent in the difference CCFs from orbital phases φ = 0.00 to 0.75 (middle plot) but is relatively stronger in the range φ = 0.75 to 1.00 (upper plot), i.e., between the times of fastest secondary approach and secondary inferior conjunction. This is suggestive of phase-variable obscuration of the flux of the hot companion (perhaps due to circumstellar gas structures; see the discussion in Section 5). Because some obscuration may also be present in the phase range φ = 0.75 to 1.00, we will assume that the peak height p = 0.0180 ± 0.0023 observed then represents a lower limit to the signal from the flux contribution of the hot secondary star.
Finally, we made a sequence of model difference CCFs using the mean spectrum to represent that of the Be star and the optimum model template for the secondary, and the flux contributions of both stars were summed for a grid of assumed values of flux ratio f 2 /f 1 . We measured the height of the resulting peak in the difference CCF to form a linear relation between f 2 /f 1 and p. This relationship leads to a monochromatic flux ratio estimate of f 2 /f 1 > 0.0088 ± 0.0011 in the region from 1150 to 1189Å, i.e., the companion contributes at least 0.9% of the flux in this spectral range.
The observed flux ratio is approximately related to radius ratio by
where F 2 /F 1 is the monochromatic flux ratio per unit area. Using adopted temperatures of 21 kK and 43 kK for the Be star and companion, respectively, we estimate that F 2 /F 1 = 12.8 at 1170Å based upon the TLUSTY/SYNSPEC models. Then the radius ratio is R 2 /R 1 > 0.026 ± 0.002, and if we assume R 1 = 5R ⊙ based upon the spectral classification of the Be star, then the companion radius is R 2 > 0.13R ⊙ .
Orbital Variations of Shell Lines
The shell absorption features that appear each orbit in the spectrum of HR 2142 may originate in disk structures created by the gravity of the companion (Section 5), so it is important to document the appearance and orbital variability of these shell components. The optical spectral variations of the shell lines were described by Peters (1983) , and they begin about six days prior to Be star superior conjunction displaying red-shifts in a primary shell phase, and this is followed by a short 1.5 day secondary shell phase of blue-shifted absorption immediately after the time of conjunction. The UV spectrum is rich in similar shell line features, and in this section we present plots of orbital variations in the strongest of the observed shell features. Many of these features also display a radial velocity constant component that is formed in the interstellar medium and/or Be disk. Thus, it is informative to begin the discussion with a representative case where the constant component is absent. An excellent example is the Si II λ1264 line that is shown in Figure 3 .5. Here the shell feature begins near V r = 0 km s −1 shortly after orbital phase φ = 0.5 (Be star inferior conjunction), and it becomes wider and deeper to reach maximum absorption just before φ = 0.0. Then the red-shifted absorption abruptly disappears and a short-lived blue-shifted component is briefly seen. These two manifestations are the UV counterparts of the primary and secondary shell phases seen in optical spectral lines (Peters 1983) . The absorption maximum during the primary shell phase occurs near φ = 0.95 and spans a velocity range of +10 to +160 km s −1 . The secondary shell phase occurs near φ = 0.03 and spans a velocity range of −40 to +20 km s −1 . This basic pattern of variation is repeated in many other lines including Si II λ1193 (Fig. 3.1) , Si III λ1299 (Fig. 3.6) , and S III λ1200 (Fig. 3.2) . We also observe several variations on the basic shell feature theme. Some of the weaker, lower opacity lines of low ionization species only display a limited shell feature very close to the phase of maximum absorption depth observed in Si II λ1264, φ = 0.95. Examples include S II λ1250 (Fig. 3.3) , Si II λ1304 (Fig. 3.7) , and Si II λ1526 (Fig. 3.11) . The strong resonance lines formed in the stellar wind of the Be star are Si IV λ1393 (Fig. 3.9 ), Si IV λ1402 (Fig. 3.10) , and C IV λλ1548, 1550 (Fig. 3.12) . These lines have blue absorption wings that extend to −600 km s −1 . The cores of the wind lines also show evidence of the shell component (particularly on the less blended, positive velocity side of the line core) that is is relatively strong over the phase range φ = 0.6 to 0.1. It is striking that the shell components appear over a wide range of atomic ionization states (for example, Si II, Si III, and Si IV). This may be the result of the ionizing flux of the hot companion (Section 3) and/or shock heating related to gas flows in the vicinity of the companion (Section 5). Finally we observe another kind of blue-shifted, shell absorption feature around the opposite conjunction at φ = 0.5 that extends to V r = −80 km s −1 in the C II λλ1334, 1335 doublet ( Fig. 3.8 ). This component was first noted by Paterson-Beeckmans (1980) who suggested that it might originate in outflow through the external Lagrangian point in the direction away from the companion. This blue-shifted shell component is also observed in the lines Al III λ1854 (Fig. 3.14) , Al III λ1862 (Fig. 3.15) , and Fe III λ1895 (Fig. 3.16 ). Peters (1983) originally discussed the shell line appearance in the optical H Balmer lines, so for completeness, we show the orbital variations of the Hα emission line in Figure 4 . This figure was constructed from the KPNO observations (Table 1) after deletion of several spectra where the emission was weaker than average. The overall appearance is similar to that reported in the past (Hanuschik et al. 1996; Pollmann 2007) . The variations are less pronounced in Hα presumably because it forms over a large volume in the Be star disk, but the primary shell phase of increased, red-shifted absorption is clearly evident near φ = 0.95. There are also hints of moving absorption sub-features that begin blue-shifted near V r = −100 km s −1 at phases 0.0 and 0.5 that progress to line center half an orbit later. We discuss the possible origin of all these features in the next section. 
Circumbinary Disk Model
The fact that the orbital variations of the shell lines peak in strength near the conjunction phases indicates an origin related to the presence of the companion star. Peters (1983) originally suggested that the companion was large, filling its Roche lobe, and that the primary shell phase absorption occurred in a gas stream from the companion to the Be star. However, our detection of the FUV spectrum of the companion (Section 3) shows that the companion is much smaller than its Roche lobe. Thus, here we present a different model that is based upon the idea that the companion creates a radial gap in the disk of the Be star and that the shell absorptions 6 are formed through the opacity of gas streams that are crossing the gap. We refer to this scenario as a circumbinary disk model in which the net outward motion of the disk gas extends beyond the dimensions of the binary.
The elements of the circumbinary disk model are sketched in a polar view diagram of the system in Figure 5 . We set the dimensions of the binary using the projected semimajor axis a 1 sin i from Table 3 , the mass ratio q = 0.07 ±0.02 from Section 3, and an orbital inclination of i = 85
• (high enough to permit structures close to the disk to be projected against the disk of the Be star from our line of sight). This results in a semimajor axis of a = 0.82 AU (176R ⊙ ). Figure 5 shows the Be star at the origin (outlined for a radius of 5R ⊙ ) with the tiny companion at position (x, y) = (+a, 0). Small arrows from each component indicate their relative orbital motion, although this is so small for the Be primary that only the arrowhead shows. The small plus sign on the axis joining the components marks the center of mass position. Tick marks appear on the periphery at intervals of a/2, and orientations of the view from Earth are marked by the orbital phases near the edges. The dashed line indicates the Roche lobes, and both stars are well within their respective Roche lobe boundaries.
The shaded regions indicate the Be star disk. The darkest gray portion close to the Be star illustrates the 9.5R ⋆ boundary that we derive from the mean Hα equivalent width, W λ = −31Å, and the method of Grundstrom & Gies (2006) . This radius represents the disk half-width at half-maximum of the intensity as seen in the plane of the sky. The disk extends beyond this radius with lower density and lower surface brightness (shown as the medium gray shaded region).
We next assume that the companion creates a gap in the disk in the same way as do planets in protoplanetary disks (Bate et al. 2003) . We adopt the simplest approximation that the size of the gap is equal to the companion's Roche lobe dimensions along the axis joining Tick marks on the axes occur at spacings of half the semimajor axis. The white circle immediately left of the center of mass (plus sign) represents the Be star, and the surrounding dark and medium gray zones represent the dense and extended regions of its circumstellar disk. The medium gray zone to the right represents the accretion disk of the hot companion, while the outer light gray region represents the circumbinary disk. The dashed line shows the Roche lobe boundaries, and we assume that the companion forms a gap in the disk that is equal in size to the long axis of the companion's Roche lobe. The spiral lines show the tidal shock location from the analytical expression from Ogilvie & Lubow (2002) . Dotted lines with arrows indicate suggestive flowlines across the gap in the vicinity of the companion (right) and L3 (left, shown by a cross sign). Orbital phases for the direction of our line of sight are indicated around the periphery, and the dashed-dotted line shows the sight line to the Be star at φ = 0.95 when the shell lines are strongest. the stars. The white region in Figure 5 illustrates the gap. Beyond the gap, we imagine that the disk gas accumulates and continues again with lower density and an outwardly directed flow (shown as the light gray region at the periphery of the diagram).
Low mass companions orbiting within disks create tidal shocks in the disk gas through their gravitational perturbation of the Keplerian motion (Ogilvie & Lubow 2002; Bate et al. 2003) . We calculated the position of a one-armed spiral wake using the two-dimensional approximation given by Ogilvie & Lubow (2002) (see their equations 13 and 24 for the outer and inner portions, respectively). These curves depend only on a parameter ǫ that is equal to the ratio of the gas sound speed to the circular Keplerian velocity of the companion around the primary. We assumed a sound speed of 14 km s −1 based upon an adopted disk gas temperature of 15 kK (≈ 0.6T eff ) and a mean molecular weight of µ = 0.66. Then for a companion velocity of V (relative) ≈ 100 km s −1 , we find ǫ = 0.12 (close to the ǫ = 0.1 case shown in Fig. 5 of Ogilvie & Lubow 2002) . The tidal wakes are shown as solid lines that cross through the position of the companion star. We extended the tidal wake curve well into the interior of the Be star disk, but we suspect that the wake density enhancement drops closer to the Be star because of gas turbulence in the disk.
The thickest portion of the wake marks those sections where we expect the density enhancements are the greatest and, hence, where the gas is located that may cause the shell line episodes. The dotted lines above and below the companion show the flow lines of gas crossing the gap due to the gravitational pull of the companion. These are parts of so-called "horseshoe orbits" that are well known in the restricted three-body problem (Dermott & Murray 1981) . For example, gas at the outer edge of the gap ahead of the companion will be pulled inwards by the companion's gravity. Then by conservation of angular momentum, the azimuthal speed around the Be star increases, so the gas moves ahead of the companion and forms the wake at the inner edge of the gap. In a similar way, gas at the inner edge of the gap that is approaching the companion (below it in the diagram) will be pulled outwards toward the companion. Here conservation of angular momentum causes this gas to slow in azimuthal speed, and it falls behind the companion to strike the outer gap edge at the outer wake. Small arrows attached to each dotted line indicate the relative sense of motion in the frame of the binary.
Thus, we suspect that the main red-shifted shell feature that we see around phase φ = 0.95 is due to our view of the Be star as seen through the inner tidal wake where gas is moving inward towards the Be star (and away from us). This is probably the strongest and longest duration shell phase because the gas is striking more dense gas in the inner region and over a larger wake angle relative to the Be star. Then the second blue-shifted shell phase occurs for a short time after phase 0.0 as we view the Be star flux through the outward moving gas in the outer wake. The portions of the wake that are most important for the shell line formation are indicated with extra line thickness.
We suggest that the primary shell phase absorptions occur as we view the Be star through inward crossing gas that creates shocks and high density regions in the vicinity of the tidal wake spiral arm. Beginning shortly after orbital phase φ = 0.5 we see the tidal wake gas projected against the Be star with a modest velocity towards the Be star (and away from us), and as the companion moves into the foreground, we observe progressively larger inflow velocities that peak near φ = 0.95 (shown by the dashed-dotted line of sight in Fig. 5 ). This line of sight corresponds approximately to the location of the intersection of the tidal wake with the outer boundary of the inner disk. Three-dimensional simulations of gas motions in the vicinity of the tidal wake and companion by Bate et al. (2003) indicate that the inner shock region may attain a significant distance above the orbital plane that amounts to several disk scale heights. Consequently, we expect that shock structures in the disk could be seen projected against the Be star even if the orbital inclination is somewhat less than 90
• .
The models by Bate et al. (2003) show that some gap crossing gas will flow into an accretion disk around the companion, and we have indicated a possible accretion disk around the companion as the medium shaded gray circle. Such an accretion disk may partially account for the apparent obscuration of the flux of the hot companion. Inward crossing gas ahead of the companion might encounter the outer regions of the accretion disk and attain a velocity comparable to the local Keplerian motion around the companion. For example, at a distance of 0.08a ahead of the companion, the accretion disk orbital velocity would be ≈ 100 km s −1 directed towards the Be star, which is comparable to the observed maximum red-shift velocity of the shell lines.
We suspect that the inner disk gas crosses the gap to the outer circumbinary disk along the axis joining the stars where the gravitational potential is most favorable. The secondary shell phase that occurs immediately after orbital phase φ = 0.0 probably results as we view the Be star through outwardly moving (blue-shifted) dense gas at the intersection of the tidal wake and the inner boundary of the outer disk. Similarly, the short episode of blue-shifted absorption observed near phase φ = 0.5 may result from gas that crosses the gap near the L3 Lagrangian point and forms a density enhancement where it strikes the outer disk. We speculate that the weak, blue-shifted and migrating sub-features in Hα that begin at each conjunction originate in tidal wakes in the outer circumbinary disk.
Our schematic model in Figure 5 must be only an approximation of the actual disk structure, and fortunately there are a number of numerical simulations by Okazaki et al. (2002) and Panoglou et al. (2016) that use three-dimensional, smoothed particle hydrodynamical codes to model the disks of Be stars in binary systems. These show that the presence of the companion creates a disk truncation radius that is somewhat smaller than the Roche radius of the Be star R L , i.e., between 0.7R L for truncation at the 4:1 period resonance ratio (Okazaki et al. 2002) and 0.8R L for truncation at the 3:1 period resonance ratio (Panoglou et al. 2016 ) depending on the disk viscosity. Consequently, the inner gap boundary plotted in Figure 5 may be somewhat large. The inner tidal wake shown in Figure 5 is also found in the circular orbit simulations of Panoglou et al. (2016) (described there as a spiral arm), and the geometry of wake in the simulations (for a ratio of sound speed to companion orbital velocity of ǫ = 0.08) agrees well with the analytical formula (compare Fig. 4 of Panoglou et al. 2016 with Fig. 5 of Ogilvie & Lubow 2002) . However, the numerical models do not show evidence of an outer disk, i.e., instead of a gap there is simply one truncation of the Be star disk. This is partially due to the nature of the simulations that are focused on the inner structure of the disk and not on the gas flows in the vicinity of the secondary (where the timescales are too short for efficient numerical resolution). Nevertheless, we anticipate that future simulations will document the outward leakage of disk gas, which carries away the angular momentum shed by the Be star, in such a way that gas is preferentially lost along the axis joining the stars into a circumbinary disk (for example, as is predicted in Roche lobe overflow systems; Nazarenko & Glazunova 2006).
Conclusions
Our investigation of the UV and optical spectrum of HR 2142 has led to a new understanding of the nature of this binary system and its circumbinary disk. We used the revised spectroscopic orbit of the Be star to establish the orbital geometry and to predict the radial velocity of the faint companion at the times of observation. These predicted Doppler shifts were applied to cross-correlation functions of the far-UV spectra of HR 2142 with a model spectrum for a hot companion, and the shift-and-added CCFs reveal a faint peak caused by the spectral features of the companion. The companion is a hot and small subdwarf, the stripped down remains of the originally more massive star in this system that transferred both mass and angular momentum to the Be star. Our current results lead to mass estimates of 9M ⊙ and 0.7M ⊙ for the Be star and hot companion, respectively. Future observations of the orbital motion of the distant tertiary companion of HR 2142 (ESA 1997; Horch et al. 2002; Oudmaijer & Parr 2010) will help establish the total system mass.
HR 2142 is now the fourth Be+sdO system where UV spectroscopy has led to the detection of the spectral contribution of the hot companion (Gies et al. 1998; Peters et al. 2008 Peters et al. , 2013 . The hot subdwarf is small, R 2 /R ⊙ > 0.13, and it has a relatively low luminosity, log L/L ⊙ > 1.7. In fact, the companion may have a mass and radius typical of a white dwarf (Provencal et al. 1998 ), although it is much hotter than most. Binary evolutionary models may help determine if the hot companion of HR 2142 is still in a core He burning stage or some more advanced stage (A. Schootemeijer et al., in preparation).
We have documented the orbital variations of the shell line absorptions in the UV spectrum and Hα, and we suggest that these are formed mainly in dense gas regions where a tidal wake caused by the companion intersects with boundaries of a gap in the disk of the Be star. Shocks are formed in these regions as gas crossing the gap strikes the dense gas of the disk, and the resulting shock heating helps to explain the presence of the shell components in high ionization species like Si IV and C IV. It may be possible in the future to detect the gap in the disk and the tidal wake regions through high angular resolution observations with optical long baseline interferometry. Furthermore, the heated tidal wake regions may be responsible for the emission line formation in the vicinity of the companion that is observed in some Be+sdO binaries (in addition to direct heating by the flux of the companion; Hummel &Štefl 2001). The He I λ6678 emission line shows evidence of localized heating in the cases of φ Per (Štefl et al. 2000) , FY CMa (Peters et al. 2008) , and 59 Cyg (Peters et al. 2013 ), so we might expect similar emission variations in the spectrum of HR 2142. There is some evidence of a variable emission component that fills in the wide absorption profile of He I λ6678 in our spectra, but it is much weaker than observed in the other Be+sdO systems, perhaps due to the lower luminosity of the subdwarf.
It was the remarkable orbital variations in the shell line spectrum that first drew our attention to HR 2142 (Peters 1971 (Peters , 1972 . If the circumbinary disk model of gap crossing gas is applicable to other Be+sdO binaries, then we might naively expect that they should also display such shell line variations in their spectra. However, to our knowledge the appearance of shell lines near Be star superior conjunction has only been reported for the sudden appearance of Fe IV lines in the FUV spectrum of φ Per (Gies et al. 1998) . We speculate that tidal wakes may occur in other Be binaries, but that they only present observable shell lines if (1) the Be star's disk is particularly massive and has substantial density out to the vicinity of the companion, (2) the orbital inclination is close to i = 90
• so that the disk perturbations caused by the tidal wakes reach to a vertical displacement that occults our line of sight to the Be star, and (3) the companion is not so massive that it creates a gap that is too wide to facilitate gas migration across the gap. HR 2142 may represent a fortuitous conjunction in which all three conditions appear to be met. The example of HR 2142 illustrates the importance of binary Be stars as laboratories for investigations of disk dynamical processes.
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